Epidemiologic data indicate that people who consume low glycemic index (GI) diets are at reduced risk for the onset and progression of age-related macular degeneration (AMD). The authors sought corroboration of this observation in an animal model. METHODS. Five-and 16-month-old C57BL/6 mice were fed high or low GI diets until they were 17 and 23.5 months of age, respectively. Retinal lesions were evaluated by transmission electron microscopy, and advanced glycation end products (AGEs) were evaluated by immunohistochemistry. RESULTS. Retinal lesions including basal laminar deposits, loss of basal infoldings, and vacuoles in the retinal pigment epithelium were more prevalent in the 23.5-than in the 17-month-old mice. Within each age group, consumption of a high GI diet increased the risk for lesions and the risk for photoreceptor abnormalities and accumulation of AGEs. CONCLUSIONS. Consuming high GI diets accelerates the appearance of age-related retinal lesions that precede AMD in mice, perhaps by increasing the deposition of toxic AGEs in the retina. The data support the hypothesis that consuming lower GI diets, or simulation of their effects with nutraceuticals or drugs, may protect against AMD. The high GI-fed C57BL/6 mouse is a new model of age-related retinal lesions that precede AMD and mimic the early stages of disease and may be useful for drug discovery. 2-10 The remaining 90% of AMD cases (approximately 7 million patients in the United States) are nonneovascular, for which treatment options are limited and disease progression is inexorable. 10 The best strategy to alleviate the personal and public financial burden of this disease is to prevent the onset and progression of AMD pathology.
A ge-related macular degeneration (AMD) is the leading cause of blindness in the elderly. 1 Available treatments for this devastating disease are limited, targeting only advanced neovascular AMD. Only 10% of AMD cases are the neovascular form. [2] [3] [4] [5] [6] [7] [8] [9] [10] The remaining 90% of AMD cases (approximately 7 million patients in the United States) are nonneovascular, for which treatment options are limited and disease progression is inexorable. 10 The best strategy to alleviate the personal and public financial burden of this disease is to prevent the onset and progression of AMD pathology. 9, [11] [12] [13] [14] [15] It has been estimated that slowing the progression rate to late-stage AMD by 30% would prevent AMD-related blindness by 50%. 16 The preventive potential of various nutrients on retinal health has been explored in many observational studies and an interventional trial, the Age-Related Eye Disease Study (AREDS). [17] [18] [19] [20] [21] AREDS found that an antioxidant cocktail of vitamins C and E, ␤-carotene, zinc, and copper reduced progression from intermediate to late-stage AMD. Unfortunately, it had no effect on preventing early AMD. 22 Recent analyses of data from the AREDS, Nutrition and Vision Project sub-study of the Nurses' Health Study, and the Blue Mountains Eye Study revealed that the onset of early AMD (and progression through the stages of AMD) can be delayed through modulation of dietary carbohydrates. Specifically, it was observed that those who consumed diets containing carbohydrates of a high glycemic index (GI) were at increased risk for AMD onset and progression compared with those who consumed diets of low GI. Importantly, this effect was independent of other nutrients that are thought to modulate the risk for AMD (Chiu CJ, et al. IOVS. 2008; 49 :ARVO E-Abstract 597). [22] [23] [24] [25] [26] [27] The GI of a food quantifies the rise in blood glucose level after consumption of 50 g carbohydrate from that particular food compared with the rise in glucose levels after consumption of 50 g carbohydrate from a standard food (glucose, white bread). 28 Foods with a high GI induce a larger increase in blood glucose levels than foods with a low GI.
Consumption of low GI diets has also been associated with reduced risk for a number of other chronic diseases, such as type 2 diabetes, cardiovascular disease, and kidney disease (Chiu CJ, et al. IOVS. 2007; 48 :ARVO E-Abstract 2101). 25,26,29 -36 By controlling spikes in blood sugar, low GI diets also result in lower levels of serum advanced glycation end-products (AGEs), defined as proteins that are nonenzymatically modified by glucose or its metabolites. 37, 38 Increased levels of AGEs have been observed under conditions of oxidative stress and inflammation and in several chronic diseases, including AMD. 37,39 -68 However, there is a paucity of published information about relationships between tissue levels of AGEs and dietary GI. 69, 70 A large number of mouse models of AMD have been developed (see Ref. 71 for review), many of which are transgenic models that exert acute, severe stress on the retina. We used the C57BL/6 nontransgenic mouse, fed a high or low GI diet (Table 1) , to determine whether chronic intake of diets of different GIs affects the rates of appearance of age-related retinal lesions that precede AMD and to begin to obtain in-sights into the pathophysiology of these relationships. 72 The lesions have been observed in human and mouse models of aging or AMD and have included the accumulation of basal laminar deposits (BLDs), accumulation of BLD-associated membranous debris, loss of basal infoldings, vacuolization of the retinal pigment epithelium (RPE), loss of melanin (as an indicator of retinal aging), accumulation of outer collagenous layer deposits, accumulation of lipofuscin, thickening of Bruch's membrane, disorganization of photoreceptor outer segments, thinning of outer photoreceptor nuclear and inner nuclear layers, and retinal accumulation of AGEs (Table 2) . 
METHODS

Ethical Considerations
Animals
Five-and 16-month-old male C57BL/6 mice were obtained from Charles River Laboratories (Wilmington, MA). Ten 5-month-old mice were fed a high GI diet until 17 months of age (hereafter referred to as the 17-month-old high GI group) ( Table 1) . Ten other 5-month-old mice were fed a low GI diet (hereafter referred to as the 17-month-old low GI group) until 17 months of age ( Table 1 ). The only difference between the high and low GI diets was the distribution of starch. The high GI diet starch was composed of 100% amylopectin, whereas the low GI diet starch was composed of 30% amylopectin/70% amylose. The diets were isocaloric and of identical macronutrient distribution (65% carbohydrate, 21% protein, 14% fat). Similar but not identical 94, 95 Five more 5-month-old mice served as controls and were fed a high GI diet without hydroquinone (HQ) until 17 months of age. All 17-month-old mice were fed a high or low GI diet for 46 weeks before euthanasia.
We also fed 10 more 16-month-old mice a high GI diet (hereafter referred to as the 23.5-month-old high GI group), and we fed 10 other 16-month-old mice a low GI diet (hereafter referred to as the 23.5-month-old low GI group) until 23.5 months of age. These mice were fed their specific GI diet for 26 weeks before euthanasia. We chose to analyze middle-aged (17 months of age) and older (23.5 months of age) mice to capture AMD-related pathology because it has been shown that in 12-month-old C57BL/6 mice, age-related retinal lesions are limited and the choroid, Bruch's membrane, and RPE are healthy. 89, 96 In both age groups, the mice were pair-fed to ensure equal consumption between diet groups. All the diets used in this study were formulated by Bio-Serv (Frenchtown, NJ). National Starch (Bridgewater, NJ) generously donated Amioca starch (100% amylopectin) for incorporation into the high GI diet and Hylon VII starch (30% amylopectin/70% amylose) for incorporation into the low GI diet.
All mice were fasted for 6 hours before euthanasia with carbon dioxide and were euthanized by cervical dislocation. Eyes were enucleated for either transmission electron microscopy analysis or light microscopy analysis.
Transmission Electron Microscopy Analysis
After the mice were euthanized, eyes were marked at the superiormost point using a cauterizing pen. To provide orientation for future analyses, eyes were enucleated, and at the cauterization mark either a suture was inserted or a cut was made in the sclera. For electron microscopy, the eyes were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer. Eyes were then postfixed in 1% osmium tetroxide buffered by 0.1 M sodium cacodylate before dehydration with ethanol and embedding in epoxy resin. Proper orientation of the eyes was first confirmed by light microscopy analysis of thick sections. Ultrathin sections were then cut along the longitudinal axis from the central 2 ϫ 2 mm area of the retina, 1 mm temporal to the optic nerve. Sections were stained with uranyl acetate and lead citrate and were examined with an electron microscope (CM-10 or CM-120; Philips, Eindhoven, Netherlands). In the 17-month-old cohort, an average of 16 images were evaluated from each of four mice in the high GI, four mice in the low GI, and three mice in the control (non-HQ) group. In the 23.5-month-old cohort, 30 images on average were evaluated from each of the three mice in the high GI and four mice in the low GI group.
Grading Scheme
Age-related retinal lesions that precede AMD were evaluated according to previously published grading schemes 97, 98 with modifications to include age-related lesions/indicators such as BLD-associated membranous debris, RPE cytoplasmic vacuoles, loss of basal infoldings, melanin, and lipofuscin (Table 2) . In each image, Bruch's membrane thickness was determined by averaging the thickness at the thickest and thinnest points in an image. If the average Bruch's membrane thickness was Ͼ0.4 m (the approximate thickness of Bruch's membrane in a young, healthy mouse 73 ), that image was scored as having a thickened Bruch's membrane (score of 1). If the average Bruch's membrane thickness in each image was Ͻ0.4 m, that image was given a score of 0. The frequency score for each mouse was the sum of those images with a score of 1 divided by the total number of images analyzed in that mouse. Mouse frequency scores were then averaged to find the frequency score for the entire diet or age group.
Frequency scores for other lesions were determined by counting the number of each lesion per micrometer in each image. In each mouse, a frequency score for a particular lesion was determined by averaging all the frequency scores for a particular lesion from the individual images from that mouse. Mouse frequency scores were then averaged to determine the frequency score for the entire diet or age group. In addition, some characteristics were graded on the severity of their appearance (score 0 -3) ( Table 2 ). Scores of 0 represented those lesions that had an appearance typical of a young mouse, whereas scores of 3 represented those lesions that would typically appear in an old or a diseased mouse, as detailed in Table 2 . In each mouse, a severity score for a particular lesion was determined by averaging all the severity scores for that lesion from the individual images from that mouse. Mouse severity scores were then averaged to determine the severity score for the entire diet/age group.
Student's t-test was used to compare the frequencies of BLDs and the loss of basal infoldings. This test was also used to compare frequencies of cytoplasmic vacuoles, melanin, outer collagenous layer deposits, and lipofuscin between diet and age groups after the data were log-transformed. Wilcoxon's Mann-Whitney U test was used to compare the frequencies of BLD-associated membranous debris and a thickened Bruch's membrane between diet and age groups. Severity scores for loss of basal infoldings as well as BLDs, cytoplasmic vacuoles, outer collagenous layer deposits, and Bruch's membrane were also compared between diet and age groups using Wilcoxon's Mann-Whitney U test. P Ͻ 0.05 was considered statistically significant, and P Ͻ 0.1 was considered marginally significant. All statistical analyses were carried out using statistical software (SAS 9.2; SAS Institute, Cary, NC).
Immunohistochemistry
Eyes were isolated and their orientations were preserved as described. After fixation in 4% paraformaldehyde and removal of the lens, eyecups were embedded in paraffin and sectioned (5-m thick) from the central area of the retina, 1 mm temporal to the optic nerve along the longitudinal axis. After deparaffinization with xylene and antigen retrieval with citrate buffer, sections were blocked with 5% goat serum (Jackson ImmunoResearch Inc., West Grove, PA) in 1% BSA/TBS for 2 hours at room temperature. 99 -101 Sections were then incubated with 0.13 mg/mL goat-anti-mouse (AffiniPure Fab Fragment; Jackson ImmunoResearch Inc.) to block endogenous mouse antibody. This was followed by incubation with avidin and biotin (Vectastain ABC Kit, standard; Vector Laboratories, Burlingame, CA) to block endogenous avidin and biotin. Sections were then incubated overnight at 4°C with 16.3 g/mL ␣-MG-H1 (generously provided by M. Brownlee). After several washes, the sections were incubated with 1.7 g/mL biotin-SP-conjugated goat-anti-mouse antibody (Jackson ImmunoResearch Inc.) for 30 minutes and were washed and incubated with 1:500 dilution of streptavidin-alkaline phosphatase (Vector Laboratories) for 30 minutes. Antibody deposition was visualized with an alkaline phosphatase substrate kit (BCIP/NBT; Vector Laboratories, Burlingame, CA) by following the manufacturer's instructions. For visualization of antigen in the retinal pigment epithelial cells, sections were bleached after immunolabeling with 0.05% potassium permanganate (Ն99%; Sigma, St. Louis, MO) for 25 minutes, followed by incubation with 35% peracetic acid (FMC, Philadelphia, PA) for 25 minutes, in accordance with a modification by Bhutto et al. 102 Sections were then mounted with mounting medium (VectaMount AQ; Vector Laboratories). Images were captured with a digital microscope camera (DP70; Olympus, Center Valley, PA) and densitometric analysis of images was performed using ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/ index.html) to determine the extent of MG-H1 staining in each retinal layer.
Sections were also stained with hematoxylin and eosin to assess the outer and inner nuclear layer thickness of mice fed a high (n ϭ 3) or a low (n ϭ 3) GI diet. For each section, the number of rows of inner and outer nuclei was counted from three different regions of the retina: central, superior, and inferior. For each nuclear layer, these three counts were averaged to produce a single row count for each tissue section. The thickness of each nuclear layer for each mouse was determined by averaging the row counts from each tissue section from that mouse. The thickness of each nuclear layer in the entire diet or age group was determined by averaging the row counts from all the mice in that group. Differences between groups were compared using Student's t-test (SAS 9.2; SAS Institute).
RESULTS
Frequency and Severity of Age-Related Retinal Lesions that Precede AMD in 17-and 23.5-Month-Old Mice of the Same Diet Group
Age-related changes in retinal lesions that are associated with dietary GI have not been previously published. To determine whether animals fed these experimental diets showed advancement of retinal lesions upon aging, we evaluated the frequency and severity of age-related retinal lesions that preceded AMD in 17-and 23.5-month-old mice in each diet group. Deposition on Bruch's membrane of electron-dense BLDs, especially those of a fibrillar or collagenous composition (FD), is associated with aging and is also a precursor of AMD-like lesions. 103 BLDs were observed more frequently (P Ͻ 0.05) and appeared to be of greater severity (as indicated by FD) in the 23.5-month-old mice than in the 17-month-old mice fed a high GI diet (Figs. 1B vs. 1A, 2A, 2B ). BLDs were also more frequent in the 23.5-than in the 17-monthold mice fed a low GI diet (P Ͻ 0.05) (Fig. 2A) .
BLD-associated membranous debris is a feature associated with retinal disease and aging and is thought to precede the formation of basal linear deposits. 74, 104 BLD-associated membranous debris was more prevalent in the 23.5-month-old mice than in the 17-month-old mice fed the high GI diet (P Ͻ 0.05), and the same relationship was observed for the low-GI fed animals ("MD" in Figs. 1B, 2C) . Similarly, small circular RPE cytoplasmic vacuoles were more prevalent in the 23.5-month-old mice than in the 17-month-old mice that consumed the high GI and low GI diets (P Ͻ 0.05 in both diet groups) (Fig. 2D) .
BLDs often occupy space that was originally populated by basal infoldings. Consistent with the age-related increase in BLDs, the 23.5-month-old mice from both diet groups demonstrated greater severity of loss of basal infoldings than the 17-month-old mice (P Ͻ 0.05 and P Ͻ 0.1 for high GI and low GI groups, respectively) (plus signs indicate the spaces where basal infoldings, if present, would be found in the retinas of younger mice; Figs. 1B vs. 1A, 2E). Another commonly used metric of retinal aging and disease is Bruch's membrane thickness. Bruch's membrane tended to be thicker in the 23.5-month-old mice compared to the 17-month-old mice fed the high GI diet, but variability within each age group precluded this difference from reaching statistical significance (Figs. 1B vs. 1A, knobbed lines). Combined, these data clearly indicate that with aging the mice fed either diet were at increased risk for many age-related retinal lesions that precede AMD ( Figs.  2A-E) .
Previous data indicate that the number of melanin granules decreases on aging, but melanin granules had not been measured previously in mice fed these diets. 105 We found an unexpected increase in the frequency of melanin pigment granules (P Ͻ 0.05) in the 23.5-month-old mice compared with the 17-month-old mice fed the high GI diet (Fig. 2F) . The same relationship, albeit muted, was observed in the mice fed the low GI diet. Among the low GI-fed mice, there were also less severe (smaller) outer collagenous layer deposits (P Ͻ 0.05) and fewer lipofuscin granules (P Ͻ 0.1) in the 23.5-month-old group than in the 17-month-old group (Figs. 2G, 2H ).
Frequency and Severity of Age-Related Retinal Lesions That Precede AMD in Age-Matched Mice Fed a High or Low GI Diet
We also compared the effects of dietary GI on the frequency and severity of retinal lesions in age-matched mice. In most cases, consuming the lower GI diet reduced or delayed the appearance of the lesion. This was particularly obvious in the older animals. Thus, the frequency and severity of BLDs was lower in 23.5-month-old mice fed the low GI diet compared with age-matched mice fed the high GI diet (P Ͻ 0.05) (Figs.  1D vs. 1B, 2A, 2B ). Similar differences were observed for frequency of BLD-associated membranous debris, frequency of cytoplasmic vacuoles, severity of loss of basal infoldings, frequency of melanin, severity of outer collagenous layer deposits, and frequency of lipofuscin deposition in the 23.5-monthold mice (Figs. 2C-H) . Some of these diet-related differences were also observed in the younger animals, including fewer BLDs, BLD-associated membranous debris, and cytoplasmic vacuoles (P Ͻ 0.05) in the low GI-fed mice (Figs. 1C vs. 1A, 2A,  2C, 2D) .
Overall, the differences in frequency and severity of agerelated retinal lesions that precede AMD appear to be greatest between low-GI fed younger animals and high-GI fed older animals. The most robust differences between 17-month-old low GI-fed mice and 23.5-month-old high GI-fed mice were observed in the frequency of BLDs (P Ͻ 0.001), frequency of BLD-associated membranous debris (P Ͻ 0.05), frequency of cytoplasmic vacuoles (P ϭ 0.01), severity of loss of basal infoldings (P Ͻ 0.05), and frequency of melanin (P ϭ 0.01) (Figs. 2A, 2C-F) . For each of these lesions, the frequency or severity was greater in the high GI-fed 23.5-month-old mice, suggesting that older age and higher dietary GI accelerate the retinal changes that precede AMD.
Effects of Dietary GI on AGE Accumulation
Analyses of tissues from 11-month-old 129SvPas mice fed diets of different GIs for 10 months indicated that mice fed a high GI diet accumulated more MG-H1-modified proteins (hereafter called MG-H1) in their retinas than mice fed a low GI diet. 106 MG-H1, one of the most common AGEs, is formed on the reaction of methylglyoxal, a glucose metabolite, with protein. 107 If chronic dietary glycemia, and therefore MG-H1 accumulation, were causally related to lesions, we would expect more severe lesions and MG-H1 accumulation in high GI-fed mice. To explore this hypothesis, the retinas were analyzed A, B, E, F, I, J, M, N) sections, showing increased deposition in the outer nuclear (yellow arrows), inner nuclear (white arrows), inner plexiform (orange arrows), ganglion cell (black arrows), and RPE (pink arrows) layers of the retinas from high GI-fed mice, corroborating findings on previous Western blot analysis . Images in B, D, F, H, J, L , N, and P were taken at a higher magnification to highlight changes in MG-H1 deposition in the RPE. Compared with controls, there was greater MG-H1 staining in the high GI-fed mice compared with the low GI-fed mice by 53% in the RPE, 21% in the ONL, 24% in the INL, 21% in the IPL, and 25% in the GCL. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OS, outer segments; RPE, retinal pigment epithelium.
immunohistochemically. RPE of 17-month-old mice fed the high GI diet had higher levels of MG-H1 than mice that consumed the low GI diet, as indicated in bleached (Figs. 3B vs. 3J, pink arrows) and unbleached (Figs. 3D vs. 3L, pink arrows) sections. Increased deposition of MG-H1 in high GI rather than low GI-fed mouse retinas was also seen in layers of the inner retina, including the outer (yellow arrows) and inner (white arrows) nuclear layers, inner plexiform layer (orange arrows), and ganglion cell layer (black arrows) (Figs. 3A vs. 3I and 3C vs.  3K) . The observed AGE accumulation in retinal layers anterior to the RPE suggested that the high GI diet increased glycative stress throughout the retina and prompted us to examine the effects of aging and dietary GI on retinal lesions interior to the RPE.
Damage to Photoreceptors and Inner Nuclei in 17-and 23.5-Month-Old Mice Fed High or Low GI Diets
In 17-and 23.5-month-old mice fed high or low GI diets, we examined the impact of aging and dietary GI on the integrity of photoreceptors that overlie the RPE. The prevalence of photoreceptor damage was low in all groups. However, more frequent focal photoreceptor outer segment vacuolization and disorganization were observed in high rather than low GI-fed mice (Figs. 4A vs. 4B, 4C vs. 4D; yellow arrows). We did not observe age-related differences.
In addition to outer segment damage, we analyzed the effects of age and GI on the number of rows of photoreceptor outer nuclei because thinning of this layer has been observed in models of AMD. 108 Aging was associated with a decrease in the thickness of photoreceptor outer nuclear layers in both diet groups (Table 3 ; P Ͻ 0.01 and P ϭ 0.06 for low and high GI-fed mice, respectively). Although suggestive, the difference in outer nuclear layer thickness between diet groups did not reach statistical significance (Table 3) .
Analysis of the inner nuclear layer revealed that older age was associated with thinning of this layer in animals of the same diet group (P Ͻ 0.01 for both diet groups) (Figs. 5A vs. 5B and 5C vs. 5D; Table 4 ). There was also a greater preservation of inner nuclear layers in the 23.5-month-old animals that consumed the low GI diet than in age-matched mice that consumed the high GI diet (P ϭ 0.07) (Fig. 5D vs. 5B; Table 4 ). In comparison, at 17 months of age, the GI of the diet had less † Difference in mean thickness of outer nuclear layers between 17-and 23.5-month-old mice fed low GI diets (P Ͻ 0.01). effect on the number of rows of inner nuclei (Figs. 5A vs. 5C; Table 4 ). These data suggest that the stresses associated with thinning of the inner nuclear layer are prominent later in life and are related to dietary glycemia.
Mice Fed a High GI Diet Show Lesions in the Absence of HQ
Cigarette smoke is known to cause oxidative and other stresses that result in the accelerated formation of age-related retinal lesions that precede AMD. 72 We adapted a version of this stress by exposing or not exposing animals to HQ, an oxidant in cigarette smoke, with the objective of determining whether consuming lower GI diets delays the formation of these lesions. To evaluate the stress due to dietary HQ compared with that of a high GI diet alone, we compared retinal integrity between 17-month-old mice fed a high GI diet with HQ and those fed a high GI diet without HQ. Surprisingly, the singular insult of consuming the high GI diet resulted in indistinguishable or higher levels of some retinal lesions than were observed when HQ was included in the diet. The latter include higher frequency (P Ͻ 0.05) and severity (P Ͻ 0.1) of BLDs (Figs. 6A vs. 6B, C, D). The frequency of BLD-associated membranous debris, severity of loss of basal infoldings, Bruch's membrane thickness, frequency of lipofuscin, frequency of cytoplasmic vacuoles, and frequency and severity of outer collagenous layer deposits were not different between 17-month-old mice fed a high GI diet with HQ and age-matched mice fed a high GI diet without HQ (data not shown). Just as the inclusion of HQ in the diet did not exacerbate retinal lesions, the inclusion of HQ did not significantly increase metabolic stress, as indicated by body weight, fasting glucose, glucose tolerance, insulin tolerance, and glycated hemoglobin levels (Supplementary Methods and Fig. S1 , http://www.iovs.org/lookup/suppl/doi:10.1167/ iovs.11-8545/-/DCSupplemental).
DISCUSSION
In this work, we established a relationship between age, frequency or extent of age-related retinal lesions that precede AMD, and dietary GI in a murine model. The model faithfully recapitulates human epidemiologic data showing that aging is associated with more advanced lesions and that consuming low GI foods is associated with lower risk for onset and progress of early AMD. We also corroborated previous mechanistic findings by demonstrating tissue accumulation of AGEs in mice fed a higher GI diet and relating that to AGE accumulation in regions of age-and diet-associated retinal pathology.
The absence of a macula limits the capacity of the rodent retina to completely model human AMD; thus, researchers using mouse models 72, 75, 104, 108, 109 rely on evaluations of retinal lesions that precede and accompany the human disease 103,110 -112 to determine associations between various treatments and risk for early stages of AMD. We found that on aging, mice fed either a high or a low GI diet showed increased retinal lesions such as accumulation of BLDs and cytoplasmic vacuoles, loss of basal infoldings, and loss of outer and inner nuclear layers, confirming previous reports of the age-associated nature of these lesions (Figs. 1, 2) . 103,110 -113 Importantly, we noted that in general, there were more robust age-related differences in lesion frequency and severity in high GI-fed mice than in low GI-fed mice, indicating that consumption of a low GI diet attenuates and may delay lesions. † Difference in mean thickness of inner nuclear layers between 23.5-month-old mice fed diets of different GI (P ϭ 0.07). The only difference in the diet between the high and low GI groups is the ratio of amylopectin/amylose. Only the lower GI diet contains amylose. The physiological changes associated with consumption of these carbohydrates may explain the differences in the frequency and severity of lesions between diet groups of age-matched mice. 114 -117 Amylopectin is digested at a faster rate than amylose, resulting in an increased flux of glucose and methylglyoxal into the retina. 118 Glycative stress in the retina is demonstrated by increased levels of MG-H1 in the RPE and photoreceptors (Fig. 3) . It has been shown that glycative stress from increased glucose catabolism increases the risk for diabetes and cardiovascular disease in humans. 119, 120 Our data suggest that this stress may impact the retina as well, creating an environment predisposed to the accumulation of lesions, as shown in Figures 1, 2, 4 , and 5. A plausible link between dietary GI, retinal stress, and retinal aging may be found in deposition of AGEs, the known cytotoxicity of AGEs, and the recently discovered impairment of protein editing caused by glycative stress in the retinas of mice consuming high GI diets. 106 The retinal lesions that were accelerated in the high GI-fed mice have also been observed in diabetic rodents, suggesting that it may be possible to use these data to gain insight into nutritional amelioration of diabetic retinopathy, even though these mice are not diabetic. These lesions include vacuolization of the RPE, disorganization of photoreceptor outer segments, decreased thickness of the inner nuclear layer, and accumulation of AGEs in the inner retina. [121] [122] [123] [124] [125] [126] AGEs directly contribute to the vascular compromises of diabetic retinopathy by increasing levels of vascular endothelial growth factor (VEGF). [127] [128] [129] [130] [131] [132] [133] [134] Thus, it seems that consuming lower GI diets should reduce AGEs and the associated risk for the progression of diabetic retinopathy and of AMD.
Implementation of the high GI diet, with or without HQ, allowed us to evaluate the requirement for HQ to accelerate retinal aging and the etiology of age-related retinal lesions that precede AMD. Higher levels of lesions were not observed in animals that consumed a high GI diet with, rather than without, HQ, suggesting that HQ is not necessary to elicit these lesions in animals within the context of a high GI diet. A corollary is that consumption of a high GI diet alone (in the absence of HQ) can be used as a model for retinal aging.
This study shows that age is associated with increasing lesions in the murine retina and that a high GI diet augments this retinal pathology. Overall, the differences in AMD-like lesions appear to be greatest between low GI-fed younger animals and high GI-fed older animals. These data show that the model is responsive to environmental influences such as nutrition and will also be useful for studies of mechanisms of disease initiation. Additionally, the C57BL/6 mouse fed a high GI diet provides a new excellent platform on which to study the effects of modulators (drugs, nutraceuticals) on aging and risk for early AMD.
